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ABSTRACT : 3 

The specific issue I have attempted to answer, both experimentally 
and theoretically, is whether any significant quantity of oxygen enters the 
pulmonary blood before it reaches the alveolar wall capillaries. The 
pulmonary arteries, especially the smaller ones, are surrounded by alveolar — 
gas at relatively high oxygen tension, and the walls of all pulmonary 
arteries are thin relative to systemic arteries of equivalent diameter. 
Therefore it is possible that oxygen diffuses across the walls of pulmonary 
arteries to oxygenate, at least partially, the blood that is flowing 


through them. 


On a more general level, the local regulation of vascular 


resistance as well as the diffusion of oxygen into aerobically respiring 


systemic tissue could involve gaseous exchange through the walls of 
precapillary vessels. Although that issue is not directly involved in my 
thesis research, it is an area of potential investigation by the methods * I 
have developed here. 

With the aid of Several experts I built a spectrophotometer as part 
of a microscope system that allowed me to record oxyhemoglobin saturation 


values with the light reflected from transected, frozen pulmonary arteries. 


It measures from an area 1@@ pm in diameter, and does so with an accuracy 
of plus or minus 5%. I prepared anesthetized cats to provide optimum 
conditions for precapillary oxygenation, quickly froze their lungs with 
chilled liquid propane, and removed them. Cross sections of these lungs 
were examined with the microspectrophotometer , and data indicating the 
presence of precapillary oxygenation were recorded. 

While propane freezes lungs quickly it does not capture the 
conditions present there exactly as they are in life. The cat experiments 
revealed that precapillary oxygenation may occur under the right 
circumstances, but they did not tell me how much ,this. process normally 
contributes to total lung oxygenation. I steammnad to answer this question 
by making several calculations with available data on pulmonary arterial 
geometry and diffusing capacity. 
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I concluded that a significant fraction of the total oxygenation of 
pulmonary arterial blood may occur before that blood reaches the alveolar 
capillaries. As much as 15% may be oxygenated by this process at rest, and 
when breathing pure oxygen as much as 100%. This process could be of 
considerable importance in special circumstances when pulmonary arterial 
blood flow through large vessels is slowed. Emphysematous patients often 
have large air spaces within their lungs that are traversed by relatively 
large vessels. Blood flow through such vessels is slow, and transvascular 
oxygen flux may make an important contribution to the oxygenation of blood 
within them. | 


Norman C. Staub M.D., Professor of Physiology 
Chairman, Dissertation Committee 
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Chapter 1 INTRODUCTION 


The specific issue I have attempted to answer, both 


experimentally and theoretically, is whether any significant quantity 


of oxygen enters the pulmonary blood before it reaches the alveolar’ 


wall capillaries. The pulmonary arteries, especially the smaller ones, 
are surrounded by alveolar gas at relatively high oxygen tension, and 
the walls of all pulmonary arteries are thin relative to systemic 
arteries of equivalent diameter. Therefore it is possible that oxygen 
diffuses across the walls of pulmonary arteries to oxygenate, at least 
eartially, the blood that is flowing through them. | 

On a more general level, the local regulation — 


resistance as well as the diffusion of oxygen into aerobically 


respiring syatenic tissue could involve gaseous exchange through the 

walls of precapillary vessels, Although that issue is or directly 

involved in my thesis research, it is an pon of cotential 
- investigation by the methods I have developed here. 

With the aid of several experts I built a spectrophotometer as 
part of a microscope system that allowed me to record oxyhemoglobin 
saturation values with the light reflected from transected, frozen 
pulmonary arteries. It measures from an area 100 pm in diameter, and 


* does so with an accuracy of plus or minus 5%. I prepared anesthetized 
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cats to. provide optimum conditions for precapillary oxygenation, 


quickly froze their lungs with chilled liquid propane, and removed 


them. Cross sections of these lungs were examined with the — 


_ microspectrophotometer , and data indicating the presence of 


precapillary oxygenation were recorded. © 

Wnile propane freezes lungs quickly (36), it does not capture 
the conditions present there exactly as they are ‘h life. The cat 
experiments revealed that precapillary oxygenation ne occur under the 
right circumstances, but they did not tell me how much this process 
normally contributes to total lung oxygenation. I attempted to answer» 
this cantante making several calculations with available data on 
pulmonary arterial geometry and diffusing capacity. 

I concluded that a significant fraction of the total 
oxygenation of pulmonary arterial blood may occur before that blood 
reaches the alveolar capillaries. As much as 15% may be oxygenated by 


this process at rest, and when breathing pure oxygen as much as 100%. 


This process could be of considerable importance in special 


circumstances when pulmonary arterial blood flow through large vessels 
is slowed. Emphysematous patients often have large air spaces within 


their lungs that are traversed by relatively large vessels. Blood flow 


| through such vessels is slow, and transvascular oxygen flux may make an 


important contribution to the oxygenation of blood within them. 
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ANATOMICAL AND PHYSIOLOGICAL EVIDENCE FOR ‘TRANSVASCULAR OXYGEN FLUX 
‘The vessels carrying blood to the pulmonary capillaries are 
embedded in the gas-filled alveolar parenchyma, It seems 
reasonable that under favorable conditions oxygen should diffuse from 
the alveoli, through the walls of these vessels, and into the mixed 
venous blood flering through them (Fig. 2-1). Gas exchange therefore 
need not be confined to the ieaiiiey capillaries. “Favorable 
conditions” include: a vessel wall that is sufficiently permeable to 
oxygen; a sufficient gradient for diffusion from the gas compartment to 


the precapillary blood; and most importantly, a sufficient time spent 


by the blood flowing in these vessels for exchange to occur before the 


blood reaches the alveolar capillaries. 

The structure of arteries conducive to 
this phenomenon for they have thinner walls than systemic arteries of 
equivalent diameter. Hayek (14) has pointed out that pulmonary 
arteries with diameters of 6 mm have only 10 circular muscle layers, 
with this number decreasing to 6 in vessels of 2 mm, and to 1 or 2 in 
vessels “between 8.1 and 9.15 mn, Further, their elasticae are 


discontinuous, and their adventitiae only weakly developed compared to 


that in systemic arteries. Figure 2-1 shows 2 magnifications of a cat 


3 
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Two photomicrographs of the same pulmonary artery 
(PA) cross section. The lower picture (368 X) 
shows the proximity of the alveoli (ALV) to the 
vessel. The upper picture (150@ X) shows the 
distance from the alveolar gas to the mixed venous 
blood in the vessel, and the barriers that 
seperate them. 


FIGURE 2-1 
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-pulmonary artery 75 um in diameter. The structural features of the 


> 


vascular wall are clearly visible in the upper picture. The most 
important feature of ihe figure is that it clearly shows that the 
diffusion distance for oxygen is only about 5 ym from the alveolar 
aie ts the mixed venous, pulmonary arterial blood in this vessel. As 


the caliber of pulmonary arteries decreases in successive generations, 


the walls become as thin as 1.5 ym in vessels with diameters of 15 pm, 


and the sur face area-to-volume ratio increases proportionally. 

In recent youte several pieces of evidence have accumulated to 
support this idea. In 1961, Staub (33) reported that he observed 
bright red oxygenated blood in anal) palnoraty arterioles (100-200 ym 
diam.) of whole frozen cat lungs that had bia ventilated with 180% 
oxygen death. Jameson (15) placed cardiac 
catheters sensitive to oxygen and hydrogen into pulmonary arteries of 
27 patients undergoing right heart In 16 | 
oxygen was detected in less that 1.6 sec. His catheter was 2.5. mn in 
diameter an ateeen in the wedged position or 1-3 cm proximal to it. 
In the same eiie Sobol, et al (32) did similar iia: in 34 
patients with hydrogen and a catheter 1.5 mm in diameter. The response 
times averaged 1.9 sec. with the catheter wedged. Munson, et al 
(22,23) reported that patients suffering from venous air embolism 
during surgery experienced a rise in pulmonary arterial pressure after 


their anesthetic gas was changed from halothane to nitrous oxide. He 
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concluded that nitrous oxide diffused from the alveoli through the 
walls of the embolized pulmonary arteries and into the embolus itself 
causing it to expand and further occlude the vessel. This produced the 
rise in pulmonary arterial pressure, 

This evidence indicates that gas can diffuse from the alveolar 
space into the precapillary vessels, but it io not indicate how much_ 
this process is likely to occur under normal phys iological conditions, 

In 1964, Sackner , “ al (29) published estimated values for the 
oxygen diffusing capacities of ouieniiney arterioles with diameters as 
small as 14 jm. # They used ether plethysmography to measure the 
diffusing capacities in arteries as small as 0.3 mm and wil anatomical 


data to extrapolate the values for the smaller vessels. ‘Their 


technique was crude but these values are the only ones known for the 


diffusing capacities of these vessels. 

The essential information required to calculate the amount of 
oxygenation that might occur by this process normally is the time the 
mixed venous blood spends i pulmonary arterial system before 
arriving at the alveolar capillaries. The total transit time from the 
main PA to the capillaries is less than 1.5 sec. in dogs (19,29). The 
relationship between the diffusing capacities of the vessel walls and 
the total transit time has to be favorable for the amount of 
precapillary oxygenation to be significant. An additional important 


contribution of the paper of Sackner, et al was their estimated values 
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for _ the transit time for flow through pulmonary arteries of 
discrete diameters. When combined with their diffusing capacity data, 
a prediction of the expected amount of Stecaplilaty oxygenation can be 
made. Sackner, et al claim to have made these calculations though they 
are not included in their report. They predicted that no significant 
precapillary oxygenation could occur, even while breathing 160% oxygen. 

These conclusions are puzzling in light of the findings of 
Duling and Berne (8) who used microelectrodes to measure oxygen 
tensions on the external surfaces of small 


cheek pouch. When the animals were ventilated with 95% oxygen, the | 


. partial pressure of oxygen fell from 158 torr on the surface of 89 um 


arterioles to 40 torr on the surface of the terminal arterioles. They 
concluded that there was a considerable oxygen loss from the blood as 
it flowed through these vessels. Systemic arterioles have thicker and 


more muscular walls than their pulmonary counterparts; this makes 


Sackner's conclusions especially hard to understand. 


SPECTROPHOTOMETRY OF HEMOGLOBIN 
Introduction 


In 1961, Staub (33) reported that he had observed bright red 


oxygenated blood in the precapillary vessels of whole frozen cat lungs. 


One year later, he and Storey (36) reported that rapid freezing was a 
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useful method for relating morphological and physiological events in 
the lung because it provided the capability of capturing and 
maintaining blood in the state of oxygenation at which it existed at 
the time of These meant that I could apply 
previously developed techniques of spectrophotometry directly to this 
frozen blood. This allowed me to measure intravascular oxyhemoglobin 


saturations in situ in pulmonary arteries and arterioles. 


Considerations 

Four things can happen to light when it illuminates an 
absorbing med ium such as hemoglobin: it can be reflected; refracted; 
pass completely through; or it can be absorbed and re-emitted as heat 
or light (fluorescence or phosphorescence) ~ The predominant effect 
depends on tne nature of the ‘aia and the wavelength of the incident. 
light. 

_ The Lambert-Beer Law of absorption describes the attenuation of 
the incident light as it traverses the medium. wavelength 
of incident light is chosen such that the light will be absorbed 
Strongly by the pigment. A solution of pigment is’ placed in an 
optical-glass chamber with a known light path length and the 


attenuation of the light after it passes through the pigment is 


measured. If the concentration of the pigment solution is one molar, 
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and if the light passes through a column of pigment one cm. long, the 


degree to which the incident light is diminished is called the "molar 
extinction coefficient" and is numerically equal to the log(1@) of the 
ratio of the intensity of the incident light to the intensity of the 


transmitted light. If the concentration of the pigment, or the path | 


length are different from these standard values, the log(10@) ratio of 


the intensities is known as the “optical density" (O.D.). This can be 


state mathematically as: 


I 
O.D. = log,g = ECL 


where: E = molar extinction coefficient 
c = conc. of pigment solution (moles/liter) 
L = optical path length of light (cm) 
I = intensity of incident light 
I= intensity of transmitted light 


Hemoglobin in equilibrium with oxygen actually results in two 


pigments - hemoglobin and oxyhemoglobin. Each of these has its own 


unique: wavelengths of absorption (Fig. 00). This quality allows the 


relative concentrations of the two tobe determined by making 
absorption measurements at two different wavelengths. One is made at a 
wavelength where hemoglobin and oxyhemoglobin absorb equally. In 


Figure 2-2 these "isosbestic points" occur for example at 580 and 812 
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ABSORPTION SPECTRA OF 


HEMOGLOBIN AND OXYHEMOGLOBIN 
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FIGURE 2-2 
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nm. A measurement is also made at a wavelength where the spectra are 
different, at 660 nm for example. The first wavelength provides a 
measure of the overall hemoglobin concentration of the solution, while 
the second measures the relative concentration of oxyhemoglobin in it. 
The ratio of the optical densities at the two wavelengths is an 


expression of the oxygen saturation of the solution. 


Theoretically, any combination of isosbestic point and 


differential wavelength should be suitable, though in practice a pair 


should be chosen that are close together so that refraction differences 


are minimized, and which also provide maximum sensitivity. Mook, et al 


(21) have shown that in the range 280 to 1,800 nm, 810 and 660 nm are 


- optimal with three times the sensitivity of the more frequently used 


pairs in the 580 to 589 nm range. 


History | 


Recording to Drabkin and Austin (6),°Hufner (their ref.1) first 


applied spectrophotometry to the study of dilute hemoglobin solutions 


in 1877. Dilution was necessary because of the high optical density of 


the pigment. This precluded the possibility of making measurements 
with hemoglobin in equilibrium with arterial oxygen. — 
Drabkin and Austin themselves were the first to measure from 


undiluted blood, but the spectra they obtained, while "fairly 
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reproducible for the blood of an individual animal" (p. 111), were 


sufficiently different from those for hemolyzed blood or crystalline 


hemoglobin that they did not believe the technique would be useful for 


measuring oxyhemoglobin saturations in whole, unhemolyzed blood. 


In 1942, Millikan (28) first described the ear oximeter, a 


device that measured the intensity of two appropriate colors of light 


»transmitted through the triangular fossa of the external ear. The 


intensities of the transmitted colors were correlated with arterial 
oxyhemglobin saturations determined by. van Slyke analysis. Once 
calibrated, this instrument permitted the first continuous measurements 
of arterial oxygen saturations in man, 

The first report of a spectrophotometric measurement of 
oxyhemoglobin saturation in an undiluted blood sample collected under 


anaerobic conditions came from Drabkin and Schmidt (7) who devised a 


way to hemolyze their samples without exposing them to air. Hemolysis 


waS necesSary to reduce the light-scattering caused by red cell 
membranes. The need for hemolysis caused many difficulties because, 


regardless of the agent used, hemolysis is seldom complete ‘and the 


membrane fragments tend to remain suspended to varying degrees and | 


cause inaccurate and inconsistent readings. 
In 1949, Brinkman and Zylstra (3) described a technique for 


making spectrophotometric measurements from undiluted, unhemolyzed 


blood samples. Instead of measuring the intensity of the light 


12 


9 


UMI 


blood. 


transmitted through the specimen, they measured the intensity of light: 


reflected from it. They made no mention of potential error caused by 


the light scattering of red cell membranes, but showed that at 100% 


saturation, there is no change in the reflection values measured from 


samples with hematocrits ranging from 31 to 72%. This. implies that | 


membrane scattering does not affect reflection measurements made from 
samples within this range. 


The work of Keilin and Hartree (17) suggested that reflection 


spectrophotometry is possible from frozen blood. Quoting Hartridge 


(their ref. 9), they say that the absorption spectra of twice 
recrystallized hemoglobin is intensified by cooling in liquid air, and 


shifted about 5 nm toward the blue. 


Anderson, et al (2) developed a technique for measur ing 


oxyhemoglobin saturations using light reflected from whole, frozen 
blood but their method was never published. Subsequently, Sinha, et al 
(31) a method utilizing light transmitted through frozen 
The only published method ffor measuring oxyhemoglobin 
saturations with light reflected from frozen blood is that of Gamble, 
et al (11). They used four discrete wavelengths common to the 
reflection spectra of hemoglobin and oxyhemoglobin, and applied the 


intensities of reflection at these wavelengths to a comolex equation 
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that can be solved to yield the fractional oxyhemoglobin concentration 


in the frozen sample. 


Microspectrophotometry 

Recent interest in physiology has prompted the 

| development of spectrophotometers attached microscopes, a 
development which permits measurement of oxyhemoglobin saturations in 
small vessels. Gee devices employ reflected or transmitted light, in 
either frozen or living tissues. The. methods of Anderson (2), 

Sinha(31), and Gamble (11) mentioned above all | microscopes. 
Recently Pittman and Duling (24) developed a transmission method for 
measuring oxygen sensations in the cheek pouch microvessels of 

| anesthetized hamsters. 

Only two of these authors consider the problem of. light | 
scatter ing, either from ice crystals in frozen blood (Sinha) or from 
red cells in the liquid (Pittman) » These considerations are necessary : 
for the equations they use to calculate oxyhemoglobin saturations from 
the light intensities of the three wavelengths they employ. Further 


comments on these cactniques are in the Discussion of _ the 


Microspectrophotometry chapter. 
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BULK OXYGENATION OF BLOOD 


In order to estimate the extent of precapillary oxygenation in 


the lung, we must consider the process by which oxygen travels through, 


and reacts with, a cylinder of blood the diameter of a pulmonary artery 


or arteriole. This is not the same problem as that in the alveolar 


capillaries. There, red cells flow through in single file and oxygen 


diffuses across several tissue barriers including the red cell membrane 
itself before reaching | the hemoglobin within the red cell. The 


kinetics of this process have been worked out in great detail, but the 


kinetics of oxygenation of bulk quantities of blood has received less 


attention. 

theoretically, this problem is analogous to one of simple 
diffusion. In the case of a cylinder of mixed venous blood surrounded 
by a gas phase rich in oxygen, we would initially observe the blood to 


be uniformly dark red. But after some discrete time we would see a rim 


of bright red oxygenated blood that appeared to widen inward toward the 


center of the cylinder. Roughton (27) termed the interface between the 


two states of oxygenated blood an "advancing front.” The processes 


involved in this advance include initial oxygenation of a thin layer of 


blood adjacent to the vessel wall, followed by diffusion of additional 
oxygen through this layer to the interface where further conversion of 


hemoglobin to oxyhemoglobin occurs. As the oxygenated layer widens, 
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the distance that oxygen must diffuse to reach deoxygenated blood at 
the interface increases. | 

Though this process is one of asPieiten plus chemical reaction, 
Crank (5) has said that it behaves no differently than would a 
cylinarica) system Gevending on diffusion alone. The diffusion 
- coefficient is merely altered so that the calculated time course of the 
process. matches that which is observed. Crank's remarks were not 
directed specifically to blood ina vessel, but to the general case of 
any cylindrical system that | depends on the cuibtuetion of diffusion 
plus chemical reaction. | 
Roughton (27) had blood specifically in mind when he derived — 
the Advancing Front Equation to describe the process by which a layer 
of hemoglobin solution 50-100 um thick becomes saturated with carbon 
pore as This situation is not exactly analagous to that of a 
cylinder of whole blood exposed to oxygen, yet substitution of the 


diffusion and solubility coefficients for oxygen into this equation 


provides the best technique I know of for calculating the extent to 


which mixed venous blood can be oxygenated in an arteriole. 

3 Marx, et al (19) used the Advancing Front Equation to describe 
the behavior of blood in a membrane oxygenator and found good agreement 
between predicted: rates of oxygenation and those observed in the 


conditions for the experimental models they constructed. 
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Chapter 3 MICROSPECTROPHOTOMETRY 


f 


I built the microspectrophotometer to measure the fractional 


oxyhemoglobin concentration in the blood vessels of frozen tissue 


specimens. In this chapter I will describe the components of the 


instrument, and the tests I conducted to ensure its proper operation. 


-MICROSPECTROPHOTOMETER DESCRIPTION 


The microspectrophotometer measures the intensity of two 


- discrete wavelengths of light reflected from the surface of frozen 


blood. Its basic components are: 1) an Illumination System; 2) a Cold 
Chamber for keeping the blood frozen; 3) an Optical System to confine 


the measurements to an area 108 um in diameter; and 4) a Light 


Intensity Measuring System, The instrument is diagrammed in Figure 3-_ 


1. 


ae The Illumination System consists of two fiber optic light pipes 
with illuminators (Keystone Optical Fibers Corp.). | The pipes are 91 cm 
long by 6 mm in diameter. The illuminators employ Sylvania DNF 


tungsten-halogen lamps that have quartz envelopes, and are powered with 


a Sola constant voltage transformer to keep the light output constant. 
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MICROSPECTROPHOTOMETER SCHEMA 
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Component parts of the microspectrophotometer , and the path the 
light follows (dashed line) after reflection from the specimen 
to the light sensitive photomultiplier tubes (PMT). 


FIGURE 3-1 
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The — output of the lamps is about 40% greater at 81@ nm that at 
660 but the en of this difference is cancelled by adjustment of the 
amplifiers in the Light Intensity Measuring System. | 

| : The light pipes are kept aligned with the specimen by a metal 


holder fastened to the objective lens of the Optical System. | 


2. ‘The Cold Chamber is diagrammed in Figure 3-2. It consists of a 


dry ice reservoir that was machined from solid magnesium, The inner 


walls are 9.5 cm long by 3.2 cm high by 9 mm thick and are insulated on 


their outer sides with 1.3 mm thick styrofoam. The chamber plate was — 


machined from a 1.3 cm thick piece of aluminum leaving a 5.1 cm 


diameter threaded pedestal 6 mm high. The plate is 8 mm thick and of 


such dimension that it fits into the dry ice Yeservoir. 


A chamber 2.5 cn deep was machined from magnesium tubing, and 


_ threaded to screw onto the base plate's pedestal. The top of the 


chamber is covered with a window of optically flat glass 5.1 cm in 


diameter by 1 mm thick (Edmund Scientific Products). 


Before use, the entire cold chamber is placed in a -3@ degree 
C. cryostat (Harris Refrigeration Inc.). The tissue specimen is placed 
on the pedestal and the chanber is ical tute place. The chamber 
plate is placed in the reservoir and the entire assembly is removed 
from the cryostat and immediately packed with crushed dry ice, a 


plastic lid covered on its bottom side with 1.3 an thick styrofoam is 
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COLD CHAMBER SCHEMA 
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The specimen is placed inside this chamber to keep it frozen 
while it is on the stage of the microspectrophotometer. 


Styrofoam 
Insulation 


FIGURE 3-2 
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placed over the reservoir, A hole in the center of the lid 


accommodates the chamber. The prepared cold chamber is then placed 


under the illuminators on the stage of the microspectrophc someter where | 


dry air is continuously blown across the optically flat window to keep 


it free of frost. 


| De The light enters the Optical System through a 15X reflecting 


objective (Beck Inc.) constructed exclusively of mirrors. This device 
offers the advantages of avoiding the chromatic aberration of lenses, 
and provides a long working distance (25 mm) from the bottom of the 
objective to the specimen housed under glass in the cold chamber. 


From the objective, the light is deflected by a moveable prism 


which provides for viewing binocular -eyepieces (10X, Tyoda, 


Tokyo). The total area viewsd is a circle 1.98 mm in diameter. 
When the prism is retracted the light passes straight up the 
microscope tube, through a 1@X magnifying lens, through. an iris 


diaphragm in the image plane, and onto a 59% silvered mirror beam- 


splitter (Ealing Corp.). Half the light thus goes to each of two — 


_ photomultiplier tubes (RCA 7182). An interference filter in front of 


each tube permits entry of the light of only the discrete wavelength of 


interest (810 or 66@ nm). The filters are three cavity tyoes with 


half-intensity bandwidths of about 12 nm, and peak transmissions of 


about 55%(Ditric Optics Inc.). 
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The photomultiplier tubes provide optimum per formance when most 


of their 31 mm diameter photocathodes are illuminated. Because 


manipulation of the iris diaphragm changes the size of the light spot 


impinging on the photocathode, an adjustable biconcave lens is placed 
between each interference filter and the beam splitter to permit 
modulation of the spot size to the optimum diameter. 


Also attached to the beam splitter is a 10X telescope. The 


beam splitter can be rotated so that half the light is sent through the 


_ ‘telescope rather than to one of the photomultiplier tubes. Because it 


is placed after the 1@X magnifying lens and the iris diaphragm, the 
telescope allows me to determine the diameter of the area of the 
specimen being viewed by the silecdblalles tubes, and allows 
adjustment of the iris diachragn until the desired diameter is 
obtained. This is ieidie 10@ ym as determined with a micrometer slide 
placed under the Beck objective. A 50 pm sei is possible but the 


amount of light reaching the photomultiplier tubes at that setting is 


too small to provide a reliable signal. 


4, The sensors in the Light Intensity Measuring System are two RCA 


7182 photomultiplier tubes. They are end-sensing tubes with silver- 


oxygen-cesium photocathodes “Si mm in diameter. These cathodes will 
convert 1 watt of light energy into 2.8 mA of electric current; that is 


they capture 0.43% of the energy in 1 light quantum. Within each tube 
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is a ten stage amplification system that multiplies the electrical 


| energy produced by the photocathode two hundred thousand times when the — 


tubes are overated at 1250 volts. | This voltage is provided by a 

regulated power supply (Northeast Scientific Corp.) : | 
The electrical signal from each tube is fed into a solid state 

ication system that can be continuously adjusted up to 10x. 


Because the photocathodes are about 25% less sensitive at 660 nm that 


at 810, this feature allows the signals to be equal ized thus balancing 


out the differences in sensitivity and illuminator output. The 


amplified signal from each tube is read to. the nearest millivolt (1%) 


on a digital voltmeter. It is these values that are divided one by the 
other to obtain the 819/660 ratio. A variable bucking current is 
included in the amplification system to adjust the output signal of 


each tube to zero when the tubes are not being exposed to the 


specimen's reflected light (prism in the "viewing" position). 


MICROSPECTROPHOTOMETER ~ TESTS 
After construction of the instrument was completed, I tested it 


in several ways to ensure that it would function properly when 


analyzing frozen biopsy specimens. These tests were conducted to 


determine: 1) that the Light Intensity Measuring System responded 


linearly to changes in light intensity; 2) that the specimen would 
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remain frozen while being illuminated within the cold chamber; 3) that 


reflection spectra recorded from ‘hemoglobin and oxyhemoglobin were 


similar to those obtained by other spectrophotometric techniques; 4) 


that outputs measured with the instrument would produce a linear 


relationship when plotted against fractional oxyhemoglo!in 


concentration; 5) the minimum thickness of the. specimen required to 


‘produce reliable data; 6) the effect of differences in hematocrit on 


‘the reflection ratios; and 7) whether the ratio measurements drifted 


with time. 


1. | Response Characteristics of the Light Intensity Measuring System 
The microspectrophotometer was | designed to record data that 

would produce a linear relationship between the 818/660 reflection 

ratio and percent oxyhemoglobin saturation. If the Light Intensity 


Measuring System did not respond linearly to changes in light 


intensity, them correction would have to be applied to the 810 and 660 — 


nm reflection values in order to obtain this relationship. This would 


introduce error and widen the confidence limits of the measurement. It 
waS important that both photomultiplier tubes respond equally to the 
same light intensity, or that their amplifiers be adjusted so they 
appeared to ee equally. | Examination of the performance values 


Supplied with each tube by the manufacurer revealed that no two tubes 


have identical sensitivity. This, combined with the fact that the 
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sensitivity of each tube's photocathode is about 25% lower at 66@ nm 
that at 818, and the fact that the illumination system provides light 


that is slightly less intense at 660 nm than at 810 ensured that the 


tubes would not provide identical signals for any specific setting of: 


the illumination system. 

The adjustable amplifiers were included in the light detecting 
system so that the effects of these differences could be neutralized. 
In practic, a magnesium carbonate block is placed on the stage of the 
instrument for use as a reflection standard, This Subs tance reflects 


equally at 812 and 660 nm. When the tubes are exposed to light 


reflected from it, their electrical signals can be equalized by simple 


adjustment of the amplifiers. Thus all the differences produced by 


inequalities of sensitivity or illumination can be compensated for. 


' The linearity of the response was tested by placing a circular 


optical wedge on the microscope stage and shining light through it into 


the objective lens. The optical density of the wedge increased 


continuously around its circumference, so its optical density was 


proportional to its degree of rotation past a reference point on the 


stage. 


Figure 3-3 is a graph of the percent optical transmission of — 


the wedge plotted against the percent of the maximum response of the 


Light Intensity Measuring System. The amplifiers were set so that both 


photomultiplier tubes produced identical responses at the max imum 
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transmission of the optical wedge. Hence, 93% transmission of the 
wedge corresponds to 108% of system response. The lines on the graph 


are the calculated least-squares regression plots for the data; they 


were not constrained to pass through the origin. Note that both tubes 


respond identically when used with the adjustable amplifiers of the 


system. This means that the ratios of their outputs do not produce 


compound errors that are greater ‘than the individual errors of 


numerator and denominator. ‘The slight deviations from Tinearity at 11% 


| and 93% transmission are probably artifacts resulting from my inability 


to rotate the optical wedge to precise transmission values ; that is, xX 


axis variations may be greater than they appear to be. The identical 


response of both tubes to the same light intensity means that a linear 


correlation will be obtained between 810/668 reflection ratio, and 


fractional oxyhemoglobin saturation if the relationship truly is a 


linear one. 


2. Cold Chamber Stability 

The temperature stability of the cold chamber was eeated by 
placing a chromel-alumel chermncoucle in the center of the chamber. 
The reservoir was packed with dry ice and the chamber was placed on the 


stage of the microspectrophotometer . The illumination system was 


turned on and the optical system was focused on the previously 


calibrated thermocouple located within the chamber under the glass 
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window. The output of the thermocouple was monitored continuously with 


the polygraph. I found that the temperature within the chamber — 


remained. at ~-27 degrees C. for about 30 min. After this period, the 
dry ice had sublimed enough so that an insufficient amount remained to 
keep the cold chamber chilled. Refilling the reservoir with dry ice 
caused the temperature to return to -27 degrees C. for another 30 min. 
period. | 

Based on these results, I Fill the dry ice reservoir about 


every 20 min. when recording reflection ratios from frozen specimens. 


3s Reflection Spectra of and Oxyhemoglobin 

Determination of fractional oxyhemoglobin saturation with the 
microspectrophotometer is based on known differences in the reflection 
epectra of hesnglobin and oxyhemoglobin (6). I therefore wanted to 
make certain that the instrument could measure these spectra accurately 
from samples of whole, frozen blood. 


Pigment samples were prepared by putting 10 ml of heparinized 


blood into 65 ml stoppered, glass serum bottles. The bottles were 


placed ina shaker water bath maintained at 37 degrees C., and flushed 
with 5.6% carbon dioxide in nitrogen, or 5.68 carbon dioxide and 30% 
oxygen in nitrogen. The bottles were Elushed with their respective gas 
mixtures a total af five times, and shaken for 20 to 3% min. between 


flushes. At the end of this period 2 samples of blood were drawn from 
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each bottle: one into a i ml plastic syringe that was immediately 


frozen in liquid propane (-17@ degrees C.); and the other into a 5 ml 


glass. syringe for analysis of pH: and oxygen partial pressure, The pH 


values ranged from 7.2 to 7.3. The oxygen pressures of the 


deoxygenated samples were always less than 5 torr. This was not a 


‘sample of completely deoxygenated hemoglobin, but its true saturation 


was less than 3%. It was used as zero in these spectral measurements. 


The oxygenated samples always had oxygen pressures greater than 200 


torr and were therefore considered to be 100% saturated. 


Specimens of the frozen samples were analyzed with the 


| microspectrophotometer at 6 discrete wavelengths in the range 572 to 


818 nm. These data are shown in Figure 3-4. Each data point is the 


mean of 5 reflection values + 1 sjd. At 818 nm both samples reflect 


virtually equally, while at 660 nm the intensities of reflection are 
maximally different. When compared with absorption spectra in Figure 


2-2, the reflection Spectra are inverted. Therefore maximum reflection 


occurs at minimum absorbance. In Figure 2-2 both pigments absorb 


equally at 818 nm, while at 66@ nm their absorptions are maximally 


different. Light that is not absorbed by an illuminated specimen is 


either reflected or transmitted. Therefore the reflection spectra I- 


obtained are those I should have obtained if the microspectrophotometer 


performs accurately. 
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REFLECTION SPECTRA OF FROZEN CAT BLOOD 
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4, Linear Relationship Between Reflection Ratio and Fractional 
Oxyhemoglobin Saturation 

| A blood sample that was frozen when only partially oxygenated 
would reflect at 810 nm the same as either hemoglobin or oxyhemoglobin. 


At 660 nm it would reflect less intensely than oxyhemoglobin but more 


intensely than hemoglobin. This occurs because such a sample is a 


mixture of both pigments and its intensity of reflection at 669 nm will 
be in proportion to the ratio of the pigment concentrations. Enson, et 
al (9) have shown that the oxygen saturation of licuid blood can be 


expressed as: 


Fractional Oxyhemoglobin Conc. = A _810 - B 


where “Rass and , are the intensities of reflected light at 81@ and 


668 nm, and A and B are respectively the slope and Y intercept of this 


linear equation. The derivation of it is shown in the Discussion 


section of this chapter. 


On this theoretical basis I wanted to show that the same linear 


relationship would obtain for frozen blood when using reflection data 


measured with the microspectrophotometer. I therefore ‘prepared 5 


frozen cat blood samples using the tonometry techniques already 
described. These samples ranged in oxygen saturation from 9 to 109%, 


and were prepared with gas mixtures ranging from @ to 38% oxygen in 
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5.6% carbon dioxide and nitrogen. After the period of tonometry was 
complete, two blood samples were drawn from each tonometry bottle: one 


was frozen, and the other was analyzed for oxygen content and pH. The 


pH values ranged from 7.2 to 7.3. The oxygen content of the sample 


equilibrated with 30% oxygen was assumed to be equal to the oxygen 


binding capacity of all the samples. The oxygen contents of the other 
four meen were compared to this and their fractional oxygen 
concentrations were calculated. | 
Samples from the frozen samples were analyzed with the 
microspectrophotometer and the 810/660 reflection ratios of these known 
samples were plotted against their saturations. ‘This srofueed curves 
that could be tested for linearity and confidence intervals. 
One such curve is shown ‘in Figure 3-5. Each circle in the plot 
represents a Single reflection ratio measurement, and they are 
connected by the calculated least-sauares senna line. The plot 
shows that reflection ratios of frozen blood are a linear function of 


the fractional oxyhemoglobin concentration. The stippled area is the 


95% confidence limit of the data and shows that a single reflection 


ratio is an accurate measure of oxyhemoglobin saturation to + 10%; 


multiple ratio measurements significantly improve the accuracy. 


Tests were also done using the blood of dogs, sheep, and © 


humans. All yielded data that produced linear graphs when plotted 
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against -oxyhemoglobin saturation, and all had 953 data confidence 


limits equivalent to those in Figure 3-5. 


5. Minimum Thickness of Frozen Blood Specimen 


In preparing frozen lung specimens for the 
3 microspectrophotometer , pulmonary vessels usually are not sectioned 


perpendicular to their axis of flow. This results in vessel cross 


sections that are oval. Examination with the microspectrophotometer 


requires taking measurements from portions of the field adjacent to the 


wall of these obliquely cut vessels. At such locations the thickness 
of blood between the surface of the oblique cross section and the wall 


of the vessel may be very small (Figure 3-6). Tt was therefore 


| necessary for me to determine the minimum thickness of blood required 


to produce reliable reflection measurements. 


This determination was approached in three ways: 


= 


1. A wedge of frozen blood ranging in thickness from g to 5 mm 


waS prepared on a microscope slide as follows: A piece of 
glass 5 mm thick was fixed to the end of the slide and a pool 
of high or low saturation blood was placed on the slide 
adjacent to it. A 58mm cover slip was placed over the pool 


with one end resting on the slide and the other on the 5 mm 
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glass. The wedge was quickly frozen in liquid propane and — 


placed under the microspectrophotometer for measurement. 


2. White soda straws were filled with blood of either high or 
low oxyhemoglobin concentration and quickly frozen in liquid 
propane. These were sectioned obliquely with the microtome. in 
the cryostat, and the angle between the wall of the straw and 
the plane of the section was measured. The straw was placed 
under the microspectrophotometer and reflectance measurements 


were made sequentially along the long axis of the cross 


sectional oval. Knowledge of the distance from the sharp edge 


at which the measurement was made allowed me to calculate the 


depth of the specimen at that point using the tangent of the 


angle (Figure 3-6). 


3. The third technique was similar to the second except that 
excised femoral arteries of dogs were used instead of plastic 


soda straws. 


The results of these studies are shown in Figure 3-7. In all three 


studies the 810/660 ratio is expressed aS a percent of the control 


value, which was the reflection ratio at the specimens’ thickest part. 
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A DIAGRAMMATIC VIEW OF THE RELATIONSHIP BETWEEN 


WIDTH AND DEPTH IN AN OBLIQUELY SECTIONED PULMONARY 
ARTERY CONTAINING A CORE OF MIXED VENOUS BLOOD AND 


A RIM OF OXYGENATED BLOOD. THE DISTANCE BENEATH THE © 


SURFACE OF THE CORE (D) CAN BE CALCULATED FROM 
MEASUREMENTS MADE ON THE SURFACE OF THE CROSS~- 
SECTION. SIMILAR CALCULATIONS FOR THE RIM REVEAL 
THE DISTANCE FROM THE RIM SURFACE TO THE UNDERLYING 
VESSEL WALL. THE CIRCLES SHOW THE OPTIMUM LOCATIONS 
FOR MAKING REFLECTION MEASUREMENTS FROM RIM OR 

CORE. 
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FIGURE 3-7 
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With the wedge technique, the reflection ratios reach a 


| consistent value (100% of control) at a wedge thickness of about 0.5 mm 


though deviation from the control value continues in the low saturation 
sample throughout the range of depths measured. For plastic soda 
straws the thickness is about 0.7 mm before consistent ratios are 
achieved, but in the excised dog femoral arteries a constant ratio is 


obtained at @.4 mm. Because the dog femoral artery is most like the 


pulmonary vessels studied in the cat lung experiments, I concluded that 


- the minimum critical specimen thickness is 0.4 mm. 


The data -in Figure 3-4 predict that a reflection measurement | 
made at 668 nm from an oxygenated blood sample will be the one most 
sensitive to inadequate specimen thickness. iteatiatiinin: dein not 
absorb strongly, so this measurement yields the most itn any 
saturation value at either wavelength, Light of this wavelength 
entering the surface will therefore pass eur ther into the specimen 
before being absorbed by respiratory pigment and will thus be most 
likely to be reflected back by an intervening vessel wall, Examination 
of the 668 and 810 reflection values from these experiments imply that 
this is so, but the data are inadequate for firm conclusions. 

The observation that the ateieos thickness of the specimen must 
be 8.4 mm is therefore an empirical one, but is likely to be correct 


because it is the value obtained from conditions most like those in 


experimental use. 
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These results also show that the reflection process is not a 
surface phenomenon, but a result of light interacting with frozen blood 
beneath the surface. This is important because it means that processes 
that affect surface smoothness, such as sectioning with the microtome, 
are not likely to have a strong influence on reflection measurement . 
Because reflection occurs — a layer, and not the surface, 
care must be taken: in recording reflection values from obliquely 
sectioned vessels of small diameter. This situation is illustrated tn 
Figure 3-6, a diagram of a vessel that contains a rim of oxygenated 
blood suereundine a core of deoxygenated blood. The £ igure: shows that 
reflection nate from the core could be affected the 
underlying rim. Dimensions that can be measured ti the plane of the 
section allow calculation of the angle at which the vessel was cut, and 
hence calculation of the point cn the surface of the core where the 
depth is adequate. The depth of the rim can similarly, 
but curvature of the vessel wall is a complicating factor. 
Calculations for a vessel 9.5 mm in diameter, the smallest I used for 
making reflection measurements, show that with a rim 180 pm wide, the 
vessel can be cut at an angle up to 68 decrees (angle A in Figure 3-6) 
and there will still be sufficient depth and surface area for making 
reflection measurenents from spots 10@ pm in diameter in both rim and 
core. For larger vessels the minimum acceptable angle of section is 


smaller; if a vessel with a rim 158 pm wide was cut longitudinally down | 
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the middle (angle A=), its minimum diameter would have to be about 2 
mm to yield reliable reflection data from the rim because of curvature 
of the vessel wall. The core radius would be 852 pm, more than twice 


that necessary to produce reliable reflection data. 


6. Effect of Hematocrit 


Blood samples of different hematocrits have different | 


concentrations of light absorbing and reflecting pigments, and might 
therefore be expected to yield different results with the 
even in samples of the same _ fractional 
Gxyhenoglobin concentration. 

I tested ‘this possibility by reconstituting samples of sheep 
blood to various hematocrits ranging from 9 to 598, and then 
equilibrating them with 5% carbon dioxide in either oxygen or nitrogen. 
The samples were frozen in liquid nitrogen and analyzed with the 
The results are shown in Figure 3-8. 

In_ the. figure, the high and low oxyhemoglobin saturation data 
are plotted separately. Each data point is the mean of 5 reflection 
ratios + ome s.d. The lines were fitted by eye with the aid of a 
French curve. The reflection ratio recorded at the highest hematocrit 
for each condition of oxygenation is used as the control value for that 


condition. This makes it appear as if the reflection ratio of plasma 


(hematocrit =) is dependent on its state of oxygenation, but this is 


40 


EFFECT OF CHANGES IN HEMTOCRIT ON 


810/660 REFLECTION RATIO 


High SO2, % 
660 
look 


Low SO2, % 


% control 


75 

20 | = 
© 10 50 
HEMATOCRIT 


Ficure 3-8 


UMI 


41 
¢ 
| 


UMI 


an artifact of the way the data is expressed; before being normalized 
the reflection ratios for plasma were identical regardless of their 
state of oxygenation. : 


The data show that the reflection ratio does not change with 


the hematocrit in the range 30 to 50. This means that the reflection 


ratios of samples of different hematocrits can be conare if they are 
within this range. In my animal exper iments ‘the its 
always greater than 34; also, microspectrophotometer measurements were | 
compared only within experiments, not between them, Therefore, errors 
due to differences in hematocrits would never have arisen anyway. Even. 


if there were local differences in hematocrit within an individual lung 


lobe, the data suggest that the values would have to have fallen below 


3@ for the reflection ratios to have been affected. 


7. Stability of Ratio Measurements 

I wanted to determine whether the reflection ratios drifted 
with time under two conditions: 1) while the specimens were in the 
cold chamber on the stage under the illumination system; and 2) after 


the specimens had been.stored in liquid nitrogen for several weeks. 


a.) I checked the first condition by placing a specimen of frozen 


blood in the cold chamber on the stage of the microspectrophotometer 


and connecting the output of the amplification system to the polygraph. 
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The cold chamber was kept filled with dry ice, and the bucking current 


was adjusted periodically to ensure that the base line of the phototube 


response did not change. Under these conditions there was no 
detectable change in either the 818 or the 669% nm signal over a period 


of nearly 3 hrs. The only drift that did occur was in the base line. 


Detectable base line deviations occur in the 810 nm tube after . 20 min., 


and in the 660 nm tube after about 5@ min. This deviation is 


neutralized by simple adjustment of the bucking current in the 


amplification system, and is checked frequently during normal operation 


of the instrument. 


b.) long term aging of the specimens was tested by recording 


reflectim data from tonometry samples that had been stored in liquid 


nitrogen (as are all tissue specimens studied with the 


microspectrophotometer). Comparison of the linear regression plots for 


these samples on the day after they had been prepared with those 6 


weeks later showed no siginificant differences in confidence limits of 


the data or the regression lines. There were minor differences in 
intercept values due to variations in calibration but there were no 


Significant differences in slope. 
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MICROSPECTROPHOTOMETER ~ OPERATING PRACTICES 


I make oxyhemoglobin saturation measurements with the 


microspectrophotometer using the following procedures: 


The specimens are removed from liquid nitrogen storage and 3 


placed in the cryostat at -30 degrees C. for about an hour to warm. 
During this period the power supply for the photomultiplier tubes is 


turned on and allowed to stabilize at a constant output of 1250 V, and 


‘the illumination system is turned on so the lamps can stabilize at a 


constant spectral output. The diameter of the image plane diaphragm is 


set 3 to 106 jm using a micrometer slide and the telescope attached to. 


the beam splitter. After the warm-up period is complete, a Magnesium 


carbonate block is placed in focus on the stage and light reflected 


from it is used to generate signals in both photomultiplier tubes, The 
amplifiers in the Light Intensity Measuring System are adjusted so that 
both tubes indicate maximum equal output. 


At the end of each animal experiment a mixed venous and an 


“arterial blood sample are drawn for oxygen saturation determination in 


our Physiological Services Laboratory, and a fraction of each sample is 
rapidly frozen. In these experiments one lobe of the animal's lung is 
ventilated with 188% oxygen and the remainder of the lung is ventilated 
with 39% oxygen. This produces mixed venous oxyhemoglobin saturations 
of 30%, arterial saturations of 70%, and assumed saturations of 100% in 


the veins of the oxygen ventilated lobe (Chapter 4). ‘Portions of these 
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3 frozen samples are used for daily calibration of the 
microspectrophotometer. 


“Once these tissues have equilibrated in the cryostat, fractions 


of each are finished to a smooth surface with the microtome and 


examined with the microspectrophotometer. Ten reflection ratio 


readings are taken from each. Using a Hewlett-Packard 919038 desk-top 


computer, a least squares linear regression plot is made of the 


reflection ratios versus their respective saturation values. A typical 


example is shown in Figure 3-9. In the figure, the outer pair of lines 


is the 95% confidence limits of the data, and inner pair is the 95% 


confidence limits of the regression. 


Once this calibration plot is completed, the instrument is 


ready to record data from frozen vessels of unknown oxyhemoglobin 


saturations. For each saturation determination, 5 reflection ratios 


are recorded and the mean and 95% confidence limits are calculated. 


These values are applied to the Y axis of the calibration plot, and 


with the use of the regression line and its confidence limits the mean 
oxyhemoglobin saturation and its 95% confidence limits are read on the 
X axis (Figure 3-9). The example in the figure is representative of 
recorded exper imental data, and shows that a saturation value 


determined this way has 95% confidence limits of + 5%. 
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MICROSPECTROPHOTOMETER - DISCUSSION 


The basis for the linear equation relating 810/660 reflection 


ratio to fractional oxyhemoglobin saturation is as follows (from Enson, 


‘et al (9)): 


If 1, is the intensity of incident light shown on a reflecting 


or refracting medium such as blood, and if I, is the intensity 


of the light refracted, or reflected back, then the following 


relationship has been shown to exist (1): 


dy. 
I, = In l. 


where x is the wavelength of I, , and d ade are respectively 


the specific scattering and extinction coefficients at that 


wavelength. e is assumed to be much larger than d. 


Because blood consists of two pigments, 


where and are the fractional concentrations of 


hemoglobin and oxyhemoglobin respectively. 


Substituting equation 2 into equation 1, and considering the 


use of two wavelengths, we get two equations as follows: 
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819 Sis © +C e ) 
Dividing equation 4 by eguation 3, and assuming that “tbe 1g = 


Hb 
1, and that I, _ I, (calibration utilizing MgCO block): 
I 
or 
| I 
Re10 
Fractional HbO., Conc. =A — = B 6. 
R 


where A and B are the slope and intercept, and are determined 
by the extinction and diffusion coefficients for the two 


pigments at each wavelength. 


As shown here, the equation applies only to the isosbestic and 


differential wavelengths of 819 and 669 nm, though any combination of 
such wavelengths will do. They are usually chosen to be as close to 
each other as possible to minimize refraction differences. Figure 1-1 


shows that several other combinations are available in the range 520 to 


(isosbestic point; see Figure 3-4), that C +C = 
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580 nm, though Mook, et al (21) have shown that the differential 
wavelength at 66@ mm of fers measurement sensitivity 3 times greater 


than those in the range 528 to 580 nm. 


Equation 6 can be used to calculate fractional oxyhemoglobin | 


concentrations from measurements of I, and I if A and 8 are 
known, and several workers use spectrophotometers attached to 


microscopes in this way (24, 25, 31). This technique requires a one- 


time empirical determination of A and B through the use of several 
dozen blood samples of known oxyhemoglobin saturation. Once these 
values have been found, they are used in all future calculations of 


saturation. 


This technicue is further complicated by the fact that a 


measured value of I. = true I, + T, where T is a nonspecific 


R 


scattering term caused by the presence of red cell membranes, ice 
crystals, and other particulates that make blood different from the 


transparent solutions to which the Lambert-Beer Law can be directly 


applied. Therefore, calculation of fractional oxyhemoglobin 


concentration with equation 6 requires knowledge of the value of this 


term. The equation can be re-written to express this as follows: 


. + T. 
Fractional O.Hb Conc. =A 1808 _ B 


aitt * 
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where MI» jcos 


and mI, dire 2°° the measured light intensities 


at the isosbestic and differential wavelength respectively. 


Pittman and Duling (24,25) and Sinha, et al (31) have a 
technique for experimentally detechining T from one differential and 
tuo isosbestic wavelengths that are all of nearly the same value (522, 
546, and 555 nm) . This is necessary so that the refraction differences 
among _the 3 are minimized. When this condition is satisfied, ~— 


assume that T. 


isos l 


equation 7 so that the calculation can be completed. These 3 


wavelengths appear to be the only ones Suitable for use in equation 7, | 
- My technique is superior is several respects: 


1. It utilizes a differential wavelength that provides a 
Sensitivity of measurement 3 times greater than that available 


in the 520-589 wavelength region. 


2. It requires measurements of I. at only 2 wavelengths 


instead of 3. 


3. . It utilizes a calibration plot that is conveniently drawn 


each time the instrument is used; that is made with data from 
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the experimental animal's own blood; and from which 


oxyhemoglobin saturation values are read directly without 
calculation. It does not depend on one-time measurements of 


Slope and intercept that are subject to drift. 


I make no attempt to correct for scattering. Such a correction 
is not necessary because saturation values are determined empirically 


from a calibration plot that I have shown to be a linear expression of 


810/668 reflection ratio versus percent oxyhemoglobin saturation. A 


separate term for scattering need not be considered. 


Statistical Methods 


In making saturation determinations by means of reverse 


regression from my calibration plots (Figure 3-10), I wanted to utilize 


a formal statistical method; I therefore sought the advice of a 


Statistician. He attempted to make use of a “method developed by 
Scheffe (38) that provides a way to conduct reverse regression and gies 
find the confidence limits pyre results, It was difficult to apply 
this technique to my specific calibration plots because the data I use 
to construct them consistently has more variation at low saturation 


values than at high ones. The cause of this inequality is unknown but 


it prevents the formal application of Schef fe's method. My technique 
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for finding the mean oxyhemoglobin saturation and the 95% confidence 
limits of an exper imental sample is therefore partly empirical, but 
when compared to a Schef £6 model in which the variance si assumed to 
be equal, no significant difference was found between means and 


confidence limits determined by that technique and by my own, 
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Chapter 4 CAT EXPERIMENTS 


INTRODUCTION 


After having shown that the microspectrophotometer could 


accurately measure oxyhemoglobin saturations in blood prepared by 


tonometry, I began animal experiments. I first showed that the 


instrument could accurately measure oxyhemoglobin saturations in the 


blood within the vessels of isolated, perfused cat lungs. I then 
prepared frozen cat lungs" under conditions that were optimal for 
precapillary oxygenation and showed that such axyeenation did occur 
under the conditions of the I sid three experiments in 
which these conditions were altered and showed their effect on the 
degree of precapillary oxygenation. I eventually concluded that these 
experiments did not permit me to determine the extent of this process 
in normal, unfrozen lungs, so I cmanoees models to estimate it. The 


models are described in the next chapter. 


ISOLATED, PERFUSED CAT LUNG EXPERIMENTS 


The microspectrophotometer was built to measure the fractional 


- oxyhemoglobin concentration in the blood of frozen cat lungs. I _ had 


shown that it could accurately measure such concentrations in blood 
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frozen after tonometry, out needed to show that in vivo 
microspectrophotometry would produce similar results. I investigated 
this by preparing frozen cat lungs that had uniform ‘oxyhemoglobin 
saturations throughout _ their cireuiatary systems. Thus the one 
variable I wanted to measure in subsequent exper iments was eliminated — 
and variables due to any other causes would be revealed. 

Anesthetized, open thorax cats were exsanguinated and the shed 
blood was hepar inized. Cannulas were placed in the left atrium and 
pulmonary ortery and the lunas were perfused at room temperature with a 
Cole-Parmer Master flex roller pump. The pump was set so that the 
perfusion pressure “se equivalent to the animal's pulmonary arterial 
pressure before it was killed. The lungs were ventilated with either — 
high or low oxygen mixtures necnaieties 5.6% pan dioxide. When the 
oxygen partial pressure of PA and LA blood differed by less than 5 
torr, I quickly froze the lungs with liquid propane and assumed the 
oxyhemoglobin saturation was identical in arteries and veins. 

The. results oom shown in Table 4-1. There was no need to 
convert the 810/662 reflection ratios me oxyhemoglobin saturations 


Since only distribution and variance measurements were considered. In 


5 studies the average standard deviation was 7.9% of the mean value 


found within individual vessels of each lobe. The deviation was not 


any different at high oxyhemoglobin saturations than at low ones. When 


this deviation is related to a typical calibration plot, as in Figure 
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REFLECTION RATIOS FROM 
FROZEN BLOOD VESSELS IN 


5 ISOLATED-PERFUSED CAT LUNG LOBES 


810/660 REFLECTION RATIOS 
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oy 

WITHIN VESSELS BETWEEN VESSELS 
MEAN C.V. SSZconF N MEAN C.V. S52CONF N 

10/1 1,432 5.72 1.2% 87 1.430 5% 2.5% 18 
10/8 3) 15% 1.574 7.9% 3.02 29 
10/15 0.802 5.72 1.0% 143 0.805 5.5% 2.0% 32 
1,495 10.8% 152 198 1.498 7.42 43 
1,854 9.4% 1.4% 170 1.843 9.8% 3.22 37 

MEAN 7.9% 1.3% 7.1% 2.62 

TABLE 4-1 
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3-9 (the in vitro measurement) it corresponds to an average 


oxyhemog lobin saturation deviation of + 9%. This correlates well with 


- the 95% confidence limits of the data in that plot which are of about 


the same value. | 

Because of the large numbers of readings in each study, the 958 
confidence limits of the mean are much than the 
deviation, The average was 1.3% of the mean. This corresponds to only 
1.5% saturation units in Figure 3-1@ which is about the same as the 95% 
confidence limits of the regression line there. 


The most important result of these experiments is that they 


show that the deviation in the between vessel readings is not markedly 


different from that within vessels! This means that the variability 


seen is about the same in all vessels read, and is not due to real 


oxyhemoglobin saturation differences from vessel to vessel within a 


specific lobe. The deviations are therefore simply random errors in 


measurement and should not cause the results of in vivo measurements to 


' be different from those made in vitro. 


A one-way analysis of variance in each experiment shows that | 


the mean reflection ratios from each vessel are not from the same 


<= 


statistical population. This does not alter our conclusions because 


the variation of the means is smaller than the variation of the data in 


: Figure 3-9. The microspectrophotometer does not measure oxyhemoglobin 
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saturations precisely enough to resolve the differences suggested by 


the variations in the mean reflection ratios. 


PRECAPILLARY OXYGENATION , EXPERIMENTS (1008 OXYGEN) 
Animal Preparation | 

Cats weighing from 3 to 4 kg were anesthetized with intravenous 
sodium pentobarbital na/kg) They were placed supine plastic 
cannulas were inserted ‘into a femoral artery and vein. Saline was 
slowly dripped into the tn. to prevent dehydration during subsequent | 
or surgery. | 

A double-barrel, concentric lumen cannula was nena into the 
trachea (see Figure 4-1). The animal was paralyzed (2@ mg gal lamine 
triethiodide (Flaxedil) , IV.) and ventilated through the tracheal 
cannula with air or oxygen. Inspiratory pressure was maintained with a 
water seal sak ion a depth of 10 to 15 cm. 

The animal's chest was Opened with an incision down the midline 
of the thorax and with lateral incisions just rostral to the diaphragm 
extending from the thoracic midline to the spine. The resulting flaps 


of chest wall were tied back to expose the thoracic contents widely. 


After the initial thoracic incision, expiratory pressure was adjusted 


to 5 cm water with an additional seal. 


UMI 


After careful dissection of the pleura at the bases of both 


left and right lower lung lobes, ties were loosely placed around the 


main bronchi of each lobe. The inner barrel of. the tracheal cannula 


was advanced until its tip was in the main bronchus of a lower lobe. 


It was tied securely in-place. The contralateral lobe was left untied 


and served as a control since 'the low gradient between its alveolar gas 
and pulmonary arterial blood would not lead to any detectable 


; precapillary oxygen uptake (Figure 4-1). Inspiratory and expiratory 


pressures were maintained in the isolated lobe with water seals set to — 


the same values as the remainder of the lung. 


The cannulated lobe was ventilated with 108% oxygen and the 


remainder of the lung was ventilated via the outer barrel of the 


cannula with 7% oxygen in nitrogen. This depressed the animal's mixed 


venous oxygen partial pressure so that blood entering all lobes had a 


low oxygen content. The presence of 188% oxygen in the alveolar gas of 


the isolated lobe coupled with the low venous oxygen pressure _ provided 
optimum conditions for oxygenation of precapi 

The pericardium was cut and reflected and a P.E. 90 
polyethylene cannula was passed through the wall of the right ventricle 
and into the main pulmonary artery. It was — with a purse string 
suture in the ventricular wall. ‘This portal allowed sampling of mixed 


venous blood. 
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SCHEMA OF CAT LUNG VENTILATION 


100 % 


To Lower Lobe 


_ Control Lobe 


PV PA PV 


| PA . 
EXPERIMENTAL LOBE CONTROL LOBE 
(100% Oo) (7% O2) 


Cat lung ventilation technique and its effect on oxygenation 
(stipling) in "experimental" and "control" lobes. 


Figure 4-] | 
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After steady state conditions of sic exchange were established, 
as determined by arterial sampling, two anaerobic samples of 
each of and femoral arterial drawn. One sample 
from each vessel was placed in ice water for subsequent analysis in the 
Physiological Services Laboratory for of oxygen 
and eneiiihie, and pH. The remaining samples were frozen in. liauid 

propane for later use in calibrating the microspectrophotometer . 

The animal's lungs were quickly frozen by flooding the om 
thorax with liguid propane (-172 C.) according to the technique of 
Staub and Storey (36). After the lungs were frozen solid, the two 
lower lobes were avai and placed in liquid nitrogen (-196 C.) where 
they were = stored until -ready for measurement with the 


microspectrophotometer. 


Results 

of this type were completed. The lobe 
ventilated with 180% oxygen was termed the "experimental lobe" and the 
contralateral one the “control lobe." Photographs of sections from 
both types are shown in Figure 4~2, 


About half of the pulmonary arteries of the "experimental 


lobes" contained dark cores indicative of poorly oxygenated blood. 


These were surrounded with rims of bright red, well oxygenated blood. 


Microspectrophotometric oxyhemoglobin saturation measurements were made 


UMI 


Sections from frozen "control" (top) and 
"experimental" (bottom) cat lung lobes. Pulmonary 
arteries (PA) and pulmonary veins (PV)are visible. 
Note the dark, poorly oxygenated blood that fills 
the artery of the "control" lobe, and the red, 
oxygenated blood in the vein. ! 

The red rims in the arteries of the "experimental" 


lobe indicate that blood entering the lobe has been 


partially oxygenated, even before arrival at the 
Capillaries. | 


See text for details of animal preparation. 15X. 


FIGURE 4-2 
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from both cores and rims. In the pulmonary arteries of the "control 
lobes" no rims were seen, and therefore only core measurements were 
made in the first three experiments. In the fourth, measurements were 


made from the region adjacent to the vessel wall to verify that rims 


did not form. 


Diagrammatic results of a typical experiment (2) are shown in 
Figure 4-3. Tabular results for all four are in Table 4-2. The data 
for the “exper imental" and "control" lobes are reer separately. 
In each lobe oxyhemoglobin saturation values for arteries and veins are 
shown with _the arteries of the "experimental lobes" further divided 


into cores and rims. This subdivision is also given for the arteries 


of the "control lobe" of Experiment 4, 


Reflection spectrophotometric oxyhemoglobin saturation 


eeasurements were ale taken from the pulmonary veins in both lobes, 
These values in the "control lobes" were consistent with their having 
been ventilated with 7% oxygen. This was also true of the oxygen 
ventilated “experimental lobes." | 

The most significant result is that the rims of the arteries in 


the "experimental lobes" had saturation values significantly higher 


‘than their cores as determined by Bonferroni paired t test((4); see 


discussion). It is important to note that "n" values in the rims and 


cores of the "experimental lobes" are not equal, due to lack of rim 


formation in some arteries (see “General Discussion" chapter). But, in 


OXYHEMOGLOBIN SATURATION IN PULMONARY 
VESSELS OF FROZEN CAT LUNG 


(C 2-75) 
-100r 
| rim 
Oxyhemoglobin 
(%) Meon t S.E. 
40+ CORE Arteries 
=/3 
Control Lobe Experimental Lobe 
(low O2) (100% 
Ficure 4-3 
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OXYHEMOGLOBIN SATURATIONS IN FOUR FROZEN CAT LUNGS 


(EXPERIMENTAL LOBES VENTILATED WITH 0) BEFORE FREEZING) 


MEANS + S.E, (2) 


ConTROL LOBE EXPERIMENTAL LOBE 


CAT NO, ARTERIES VEINS "ARTERIES VEINS 
CORES RIMS” 


1-75 84° . BS 
(18)* (12) 23) (12) (9) 

02-75 b.4 36.8 26.8 84.3 98,5 

C375. 28.2 45.5 46.7 66.7 99,2 

(8) (2) (6) (10) 

CORES RIMS | | | 

Ca-7S 51.7 57.0 85.9 41,9 53,4 93,4 
3.3 £2.80 + 2,4 + 2,0 + 4,] 


* No. OF OBSERVATIONS 


TABLE 4-2 
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the conditions of these experiments, oxygen does enter precapillary 
blood in a significant number of vessels. 


at 


. FREEZING TIME EXPERIMENTS 


I thought the size and extent of rim formation in the 


"experimental. lobes" might be dependent on the time the blood spent in 


the pulmomary arteries before being frozen. I decided to study this 


question by measur ing the freezing time of cat lung lobes, 


I prepared cats as before except that in one lower lobe I 


inserted 9.1 mm diam. copper-constantan thermocouple wires. The output 


of the thermocouples was continuously recorded with the polygraph while © 


the lungs were frozen with liquid propane or liquid nitrogen. After 
freezing was complete the lobes were removed from the animal and placed 


in the cryostat where the tips of the wires were dissected out. I 


_ measured the distance from the . surface onto which the freezing agent 


was poured to the thermocouple tip. 

In Figure 4-4 these values are ener versus the time it took 
each thermocouple to reach @ C. Not only was freezing not 
instantaneous, as I had previously assumed, - the freezing time was a 
function of the depth of the thermocouple placement within the lobe. 
This” meant. that deeper pulmonary arteries have longer times to absorb 


oxygen before they are frozen solid. 
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Time FOR THERMOCOUPLES To REacH 


A Cat Lune Lope BEING FROZEN WITH 


L1quip PROPANE oR LIQUID NITROGEN 


10 / 


TIME seconds 


FIGURE 4-4 


| LA 
THERMO- 
COUPLE , 
DEPTH 
mm 
5 
LIQ. -170°C 
110. € 
100 | 150 


200 
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CLAMPED HILUM EXPERIMENT 


I tested the hypothesis that the rim size is proportional to 


the time the blood spends in the precapillary vessels by preparing a 


cat similarly to those in Experiments 1 through 4, except that the 


vessels at the hilum of the “experimental lobe" were clamped just 


before freezing was started. The blood was therefore stagnant in all 


vessels of. this lobe during the freezing period. The lobe was 


continuously ventilated with 100% oxygen until freezing was complete. 


Both lower lobes were removed and examined in the cryostat. 


All vessels in the “experimental lobe" were filled with bright red 


blood. No dark cores were present. Oxyhemoglobin saturation 


‘measurements made with the microspectrophotometer from rim and core 


regions of several pulmonary arteries revealed no detectable difference 


in saturation. The pulmonary arteries of the "control lobe" (left 


unclamped during freezing) appeared to have | no rims yet the 
microspectrophotometer revealed a significant difference between rim 
and core saturations (Table 4-3). 

In this exper iment the blood remained unfrozen in the 
precapillary vessels of the “experimental lobe" long enough to be 


completely oxygenated. This suggested that the size of the rims seen 


in the first four experiments was partially the result of the time the 


blood spent in the precapillary vessels before being frozen. 
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OXYHEMOGLOBIN SATURATIONS 1n a CAT LUNG LOBE wiTH 
HILAR VESSELS CLAMPED JUST BEFORE FREEZING WAS STARTED 
| MEANS + S.E, (2) 


ConTROL LOBE EXPERIMENTAL LOBE 
ARTERIES VEINS ARTERIES | NEI 
CORES RIMS CORES RIMS z 
$25 315 335 43, 

(11)* ip (9) (9) (9) 


“ No. OF OBSERVATIONS 


TABLE 4-3 
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PRECAPILLARY OXYGENATION EXPERIMENTS (AIR) 


Because the extent of rim formation in the previous experiments 


was proportional to the time the mixed venous blood spent in the 


precapillary lung vessels, it seemed that it should also be 
proportional to the oxygen partial pressure difference between alveolar 
gas and mixed venous blood. 


I tested this hypothesis by preparing two cats in the usual 


manner except that the "experimental lobes" were ventilated with air | 


(alveolar oxygen pressure = 10% torr) instead of 100% oxygen. (The 


- remainder of the lung was ventilated with 10% oxygen instead of the 


usual, 7% to keep the animal from dying from hypoxemia.) The results 


(Table 4-4) show that the rims of the arteries in the "experimental 


lobes" had oxyhemoglobin saturations significantly higher than those in 


the cores, yet the rim values were less than those of the veins in that 


lobe. (Discussion section, this chapter). 
I measured the width of the rims in the "exverimental lobes" 


and compared them with similar measurements taken from photographs of 


the "experimental lobes" in experiments 1 through 4, The mean values + 


1 s.d. are shown in Table 4-5. The rims of the air-ventilated lobes 
were only 1/6 the width of those in the lobes ventilated with 100% 


oxygen confirming that the oxygen partial pressure difference between 


_ alveolar gas and mixed venous blood influences the size of precapillary 


pulmonary arterial rims. 
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 OXYHEMOGLOBIN SATURATIONS IN 2 FROZEN CAT LUNGS. 
“EXEPRIMENTAL LOBES” VENTILATED WITH AIR BEFORE FREEZING 


MEANS + (%) 


ConTROL LOBES EXPERIMENTAL LOBES 


CAT NO. ARTERIES VEINS ARTERIES VEINS 
| CORES RIMS 
Cer 34,9 87,1 47,2 70,9 99,1 
+0.8 
(9) (5) (12) (12) (3) 
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WIDTHS OF OXYGENATED RIMS IN PULMONARY ARTERIES OF 
FROZEN CAT LOBES 
VENTILATED WITH OXYGEN OR AIR BEFORE FREEZING 


MEANS + S.D. (uM) 


_ VENTILATING GAS 


100% 0, AIR 
401 + 138 62 + 30 
(32)* (22) 


No. OF OBSERVATIONS 


TABLE 4-5 
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DISCUSSION 

These experiments prove that blood in the pulmonary arteries 
and arterioles can be oxygenated before reaching the pulmonary 
capillaries. They also show that the extent of this process is 
strongly influenced by the time available for it to déowr . and by the 


gradient of oxygen concentration (oxygen partial pressure) from 


alveolar gas to pulmonary arterial blood. The experiments do not © 


demonstrate how extensive this phenomenon is under normal physiological 


conditions. 

_ The freezing time experiments show that freezing takes far too 
long to measure any rim formation that might be present in a normal 
lung. The estimated time required for to the main 


pulmonary artery to the pulmonary capillaries is less than 1.5 sec 


(19,29). Because the freezing times in my experiments were as long as 


168 sec, the size of the rims I saw is markedly enhanced, and therefore 


not representative of the expected rim size for normal lungs. I made 


‘no attempt to correlate rim size in a specific vessel with the time it 


took that vessel to freeze. Such 2 relationship undoubtedly exists but 
knowing it would provide 00 unefia information. It is sufficient to 
know simply that rim size is proportional to freezing time. 

No attempt was made to determine the exact nature of the 


relationship between rim size and alveolar oxygen partial pressure. It 
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is sufficient to have shown that such a relationship exists (Table 4-5) 
without determining it specifically. 

These relatively few experiments are sufficient to show that 
precept liary does take place. A greater of 
exper iments would provide no further information about how much this 
process occurs in a normal lung. I completed nenien calculations to 
estimate the extent of the process obtmaty, and they are described in 


the next chapter. 


Precapillary Oxygenation Experiments (Air) 


In these experiments, saturation values for the rims of the 


| arteries in the “exper imental lobes" appeared to be less than thaws of 
tee in those lobes (Table 4~4). This was due to the narrow width 
of the rims in the ertarion. The microspectrophotometer measures from 
an area 188 ym in diameter, but since the average rim in those vessels 
was 62 pm wide (Table 4-5) saturation measurements | from the rim 


included portions of the poorly oxygenated core. This makes the oxygen 


saturation of the rims appear to be low in those experiments. In spite 
of this, there was a significant difference in oxyhemoglobin saturation 
between the rims and cores in the pulmonary arteries in the 


“experimental lobes." 


Lack of Rims in Some of the Pulmonary Arteries of the "Experimental Lobes" 
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In the “experimental Lobes" only 473 of the arteries had re 
This was no doubt due to inequalities in frebetie time ee cugtinit the 
lobes as freezing took place. Vessels near the surface would be 
exthoted to freeze faster than vessels deeper in the lobe. ‘Therefore 


only the deeper vessels froze slowly enough for rim formation to occur. 


Statistics 

Microspectrophotometer data from each experiment “xe processed | 
by IBM 360 computer, which ionic reflection ratios from the lungs 
to oxyhemoglobin- saturation values by means of reverse linear 
regression based on the calibration data. Bonferroni . multiple 
inference t tests (4) were applied to the mean saturation values in: 
pulmonary arteries and veins in the "control lobes;" arterial rims and 


cores, and veins in the "experimental lobes." Saturation differences 


were considered significant (p<.05) based on the results of this 


analysis. 
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Chapter 5 CALCULATION OF RIM THICKNESS: DIFFUSICN + ADVANCING FRONT 


In the cat experiments the size of the rims of oxygenated blood 
surrounding the mixed venous cores in the pulmonary arteries was the 
result of the conditions et low temperature and long freezing time that 
existed when the lungs were frozen. These conditions are not 
representative of the conditions that normally xian tn the Living 
animal. I made several calculations to cindione the rim size and, 


therefore, the fraction of oxygenated blood in pulmonary arterioles 


under normal conditions. 
Assumptions 


Figure 5-1 is a cross sectional diagram of P pulmonary 
arteriole where a rim of oxygenated blood is advancing from the wall of 
the vessel toward the deoxygenated core. Oxygenation sain only at 
the interface between rim and core in this theory. Increasing rim 
thickness is assumed to be the result of two simultaneous processes: 
1, diffusion of oxygen across the vessel wall, and through the 
oxygenated rim to the interface (Diffusion); and 2. movement of the 
interface toward the vessel core as a result of the diffusing oxygen 


having combined with hemoglobin at the interface (Advancing Front). 
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Figure 5-1 


Rim 


CROSS-SECTIONAL VIEW OF A RIM OF OXYGENATED BLOOD ADVANCING 


INWARD FROM THE VESSEL WALL TOWARD A CORE OF DEOXYGENATED 
BLOOD, | 


ADVANCING FRONT EQUATION 


(Hp) 2/2 


Eq 5-] 


F DisTANceE FRONT ADVANCES, “CM 

H PROPORTIONALITY FACTOR, A FUNCTION OF C/(HB) 
.. CONCENTRATION OF DISSOLVED OXYGEN, ML/ML 

T TIME, SEC | 
Do DIFFUSION COEFF, IN PLASMA, 1.87 x 107°cm?/sec 
(HB) | HEMOGLOBIN CONCENTRATION, G/DL 
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Roughton's Advancing Front Equation (28) (Equation 5-1) is 
assumed to describe the motion of the front from the vessel wall 
inward. The rate of diffusion of oxygen through the vessel wall 


depends on the diffusing capacity of the wall, and the oxygen partial 


pressure difference between alveolar gas and mixed venous (pulmonary | 
arterial) blood. The diffusing capacities used are those of Sackner, 


et al (29) (Table 5-1). 


‘The total time available for both processes to occur equals the 
transit time of the blood along a vessel of discrete diameter. 


Sackner 's data are used (Table 5-1). 


Cylindrical co-ordinates are not used. The oxygenation process | 


is treated as if the blood were arranged in a plane sheet because the 


advance of the front will be small in the time available. The rim that 


is calculated to form is expressed as a percent of the vessel's cross — 


sections? area. 

The oxygenation process is assumed to be cumulative down the 
pulmonary arterial tree. Oxygenation that takes place ina vessel of 
any discrete diameter i added to that which occurred in larger vessels 


before arrival there. Assuming stream line flow, rims and cores do not 


mix. The percentage of blood that is oxygenated in the preceeding 


vessel determines the existing rim size when that blood enters the next 


successive vascular generation. 
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OXYGEN DIFFUSING CAPACITY OF 
PULMONARY ARTERIAL WALLS 


VesseL Diam. Broop TransiT* DIFFUSING 


VOLUME Time CAPACITY 
SEC mL STPD/MIN X TORR 
14 0.37 0.018 2.8 x 107 
30 0.15 2.5 x 1072 
50 0.12 0.0058 6.5 x 10° 
70 0.0055 247x107 
90 0.10 0.0052 1.9 x.107 


* MODELED AFTER A 7 KG. DOG WITH PULMONARY BLOOD FLOW = 1,2 L/MIN 


From: SACKNER, ET AL, (28) 


TABLE 5-1 
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Results 


Pertinent data to solve both the diffusion and advancing front 


equations were put into a small programmable calculator. The machine 
was programmed to solve both equations simaltaneously, devoting 
different fractions of the total time available to each process. ‘The 
calculation began with 99% of the available time devoted to advancement 


of the front. The remaining time was devoted to diffusion through the 


wall. The amount of oxygen required for the rim that. was calculated to | 


form was compared to that available through diffusion. The time 


fractions were incremented and the calculations repeated until the 


amount of oxygen required for the rim exactly equaled that available by 


diffusion through the wall. Diffusion though the wall was the limiting 
factor. 

The results of the calculations are. shown in Figure 5-2. 
Calculations iii done for 3 different oxygen diffusion gradients, The 


pulmonary capillaries were assumed to have a diameter of 8 pm. Since 


we are consider ing only precapillary oxygenation, the data were plotted 


for vessels with diameters down to but not including 8 pm. 


The points at which the plots terminate at the left are the 


predicted values of total precapillary oxygenation of mixed venous 


blood upon its arrival at the alveolar capillaries. The graph shows 


that under normal conditions at rest, (alveolar oxygen partial pressure 


= 198 torr, mixed venous oxygen partial pressure = 60 torr) mixed — 
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Precopillary 


Blood Saturated 


with Oxygen 
100r- 
O2 GRADIENT = 
600 
100 torr 
40 torr 
a 
40 60 80 100 


Pulmonary Artery Diameter, ym 


PERCENT PULMONARY PRECAPILLARY BLooD SATURATED WITH 


_ OXYGEN AS A FUNCTION OF PULMONARY ARTERY DIAMETER 


AT 3 DIFFERENT OxyGeN DIFFUSION GRADIENTS 


Figure 5-2 
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venous blood may be as much as 15% oxygenated upon reaching the 


capillaries. If the oxygen pressure difference between mixed venous 


blood and alveolar gas = 608 torr, aS might be the case after a few 


breaths of 100% oxygen, the blood may be as much as 108% oxygenated . 


before arrival at the capillaries. | 


POLYETHYLENE TUBE EXPERIMENTS 


The technique for calculating the fraction of mixed venous 
| blood oxygenated in precapillary lung vessels, described in the 


preceding paragraphs, is dependent on several reasonable assumptions. | 


I checked their validity by constructing a polyethylene tube model that 


simulated the conditions that exist in the lung normally. I compared 


the observed results of the model experiments with the calculated 


results obtained using the ‘same calculation techniques described above. 


Experimental Conditions 

I prepared three 100 or 2086 cm lengths of iene tubing 
(i.d. = 32 mn, wall thickness = 8.25 mm (P.E. 205)) and arranged them 
in athe The coils were positioned vertically and wrapped with 
plastic bags. Humidified 95% oxygen/5% carbon dioxide was continuously 
flushed through the bags. A reservoir containing sheep blood that had 


been previously deoxygenated by equilibration with 95% nitrogen/5% 


carbon dioxide was positioned so that the blood flowed slowly through 


88 


6 
— . 


UMI 


| the polyethylene coils. A stop watch and graduated cylinder were used 


to measure the flow. 


After steady state conditions were established, both ends of 


the coils were stoppered, quickly removed from the plastic bags, and 
plunged into liquid propane (-170 C.). ‘The frozen coils were placed in 
the cryostat and cut so that twenty q cm sections were taken from 
evenly spaced intervals along the coil's entire length. The odin 


cross-sections were examined with the microspectrophotometer where rim 


widths, and rim and core reflection ratios were measured. The > 


reflection ratios were not converted to oxyhemoglobin saturation 


values, but the ratios were consistent with oxyhemoglobin in the rims, 


and hemoglobin in the cores. 


The rim size in each length was plotted against the time the 
blood spent in the tube before reaching the point where that rim was 
located (Figure 5-3). 

The Diffusion + Advancing Front Calculations were done for the 
conditions that existed for the blood when flowing through the coiled 
tubes. The permeability of the polyethylene tube wall to oxygen was 
assumed to be 6.9 X ig m1 /om/cm*/sec/om Hg (26). The results of 


these calculations are also shown in Figure 5-3. 
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AcTUAL AND PrepicTep Rates OF Rim FoRMATION IN 
POLYETHYLENE TUBES PERFUSED WITH | 
DEOXYGENATED BLOOD 


400;- 


ACTUAL 
300+ | 
Rim 
Thickness PREDICTED 
| 
70 O 
100 
| 
5 10 20 


Minutes 


(EACH TYPE OF SYMBOL REPRESENTS ONE EXPERIMENT.) 


Figure 5-3. 
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DISCUSSION 


In the polyethylene tube experiments, the oxygen diffusion. 
_ gradient was made as large as possible at normal: atmospheric pressure 
to overcome the diffusion resistance of the relatively thick 


polyethylene wall. The tubes still had to be very long, and the flow 


rates" low for the blood to spend sufficient time in the — for rim 


eocmatiae to occur. The low flows may have caused some of the red 


cells to settle out of suspension. This is one possible explanation 
for the scatter in the data in Figure 5-3. | 

There was always some delay in removing the coils from the 
plastic bag enclosures before plunging them into liquid propane. Thus 
the total ce far diffusion at all points along the tubes was slightly 
greater than the data indicate. This influenced the results by 
increasing the cin size by a small but constant value at once point. 


The least squares regression plot was constrained to pass through the 


origin, but a least squares plot without that constraint would have a Y | 


axis intercept value of about 6@ um, consistent with the results that a 
delay in houisten of a few minutes would cause. 

Despite these slight deviations, there is good agreement 
between the observed results and those predicted. This clearly shows 
that the Diffusion + Advancing Front method of calculation is a 


reasonable way to predict the anount of oxygenation that is likely to 


occur in blood flowing through large vessels. This increases our 
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confidence in using this cathe to predict | the amount of 
precapillary oxygenation that occurs in normal lungs. 

The results of the calculations predict that mixed venous blood 
can receive significant amounts of oxygen before ateiving at the 


alveolar capillaries. 
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Chapter 6 GENERAL DISCUSSION and CONCLUSIONS 


Microspectrophotometry 


_ The reflection microspectrophotometer I built is a convenient 


and reliable instrument for measuring oxyhemoglobin saturations in 


small frozen blood vessels. It records from an area 16@ pm in diameter 
and does so with an accuracy oe 3. 

| While ice crystal scatter ing may have an important role in the 
theoretical foundation of this technique, it does not affect the method 
by which I make these measurements. I use frozen-blood calibration 
standards of oxyhemoglobin saturation, readings from 
exper imental | unis with those from the poe Since light 
ing affects both samples and standarde identically, 


oxyhemoglobin saturation measurements need not be corrected for this 


property. 


Several modifications are planned for the instrument to improve 


its performance. My goal is to record from smaller spots (38 pm or 


less) _ without increasing the illumination, thus avoiding the 


possibility of felting the specimen. I plan to do this by replacing 
the objective lens and the photomultiplier tubes with more sensitive 
equipment. A reflecting objective with twice the magnification of the 


present one has been ordered , as have two new photomult iplier tubes 


with 250X greater light sensitivity. The improved tube sensitivity 
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theoretically means that the same signal strength can be obtained from 
a spot only 6 pm in diameter without any increase in illumination. 


Reflection readings from vessels as small as 6 pm would be 


complicated by the requirement that the specimen be at least “400 ym 
thick. Therefore an alternative technique is to utilize light 


transmitted through a specimen of precise thickness. All aspects of 


the present measuring system could be retained except that measurements 


_ would be made from light transmitted through the specimen and not from — 


light reflected from it. In such a system the calibration standards 
and the specimens would be required to have identical thicknesses, but 


a reliable microtome could easily provide this reproducibility. 


A desirable modification for the future would include — 


replacement of the current white-light 3 illumination system with the 


specific wavelength coherent light available from a laser. A single 


~ tunable dye laser is available that emits at selected peaks in the 


reflection spectra of hemoglobin and oxyhemoglobin. Use of this device 
would eliminate the needless spectral radiation of white light that 
impinges on the specimen, and would also reduce the total time the 


specimen is illuminated. Both factors would considerably reduce the 


chances of melting the specimen, Because the response time of the 


photomultiplier tubes is less than 5 nsec, the specimen would require 


illumination only for this period. 
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Laser light would also obviate the need for the interference — 


filters that I now use for wavelength specificity. The present filters 


have half-intensity bandwidths of about 12 nm and transmit only 55% of 


the light they receive. Laser light has total bandwidths of 9.05 nm 


and suffers no loss of energy due to filtering. 


Cat Experiments 


The frozen cat lung experiments prove that precapillary 
oxygenation of mixed venous, ities arterial blood can occur under 
favorable conditions. Several conditions are required: adequate 
oxygen diffusion pressure; blood vessel walls that are sufficiently 
permeable to oxygen: and sufficient time spent by the blood in these 


vessels for oxygenation to occur. 


The freezing times in the experiments are long enough so that 


the oxygen partial pressure differences between mixed venous blood and 


the oxygen-filled alveoli are sufficient for oxygenation to occur 


through the walls of large pulmonary arteries. I measure such rim | 


formation in vessels with diameters ranging from 3 mm to @.5 mm, though 


it occurs first in the smallest arterioles where the walls are thin 


relative to blood volume. Staub's original aservations in fact were 
made in vessels 199-200 jm in diameter (33) but the recording 
capabilities of my microspectrophotometer prevent me from recording 


from vessels smaller than 590 pm. 
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“The time dependence of this phenomenon is illustrated by the © 


results of the clamped hilum experiments. Clamping the hilar vessels 


at the moment of freezing stops blood flow and leaves stagnant 


pulmonary arterial blood in contact with alveolar oxygen long enough 
for the blood to become completely oxygenated before freezing is 
complete. All the frozen precapillary vessels were filled with fully 
oxygenated blood. | 

Oxygen pressure dependence is illustrated by experiments C 6 


and C 7. When the lungs are ventilated with air the rims that form are 


| _ significantly smaller than those in the experiments where 180% oxygen 
is used. In fact, the rims are reduced by approximately the ratio of 
the oxygen partial pressure difference. | 
me Rims were not formed in all the arteries of the oxygen . 


ventilated lobes. This is undoubtedly due to uneven advance of the ~ 


freezing front while the lobes are being flooded with liquid propane. 


Though the propane is chilled to -172 C., alveolar gas insulates. the 


lung against rapid heat loss and causes the freezing front to advance 
slowly. The propane is poured over a lobes from the top, so the 
bottom (dorsal) parts should freeze last. This results in the vessels 
near the top having the shortest per iod of exposure to oxygen before 
being frozen solid, while the vessels near the bottom are exposed 
longer and are therefore expected to have the largest rims. This is a 


simplified explanation of what actually occurs because the complex 
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shape of the lobes makes it difficult to be precise about how the 


freezing front advances. It is therefore not possible to correlate rim 


size with the location of the rim-containing vessels within the lobe. 


Models 


The data of Sackner , et al (29) are used to calculate the 


"amount of oxygenation that is expected to occur in the lung normally. 


These calculations lead to the conclusion that significant oxygenation 
may occur in precapillary tates. Sackner claims have made 
Similar cobeuiottens with his data, but came to the conclusion that no 
significant oxygenation occurs at the precapillary level, even wen 
breathing 100% oxygen, ‘The details of his calculations are not 
presented in his report. (Personal commun ication with him dur ing a 
recent visit to San Francisco provided no further information. He had 
completed the exper iments too long ago to recall the calculation 
techniques.) | 

My results are at odds with his conclusion. The vascular wall 
oxygen permeabilities and the calculated times of transit for the blood 
through these vessels indicate that significant oxygenation can occur 
based on | the calculations I completed. ‘The polyethylene tube 
experiments corroborate ee method of calculation and show that it 


reasonably predicts the extent to which rim formation occurs. 
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Implications of the Results 
Demonstration that oxygen crosses the walls of vessels larger 
than capillaries suggests that some modification may be required for 


the classical idea that gas exchange is confined to capillaries. Such 


modifications need not necessarily be extensive, for it is unlikely 


that this process is the major route of gas exchange in any except 
wasn’ circumstances.. The diffusing capacities of the capillary walls 
far exceed those of the larger vessels. In addition, red blood cells 
spend over 10@X more time in the capillaries do in 
arteries or arterioles of any discrete diameter. Thus the structure, 
arrangement, and distribution of the capillaries clearly implicate 
their role in the processes of gas exchange. 

Still, precapillary exchange may not be titel People | 
in whom lias quantities of alveolar capillary bed have been destroyed 
by diseases such as emphysema may obtain significant artc-rialization of | 
their venous blood by this process especially when they are breathing 
100% oxygen. Large pulmonary arterioles often cross the cavities this 
disease produces and blood flow through these vessels may be slow 
enough for the alveolar gas in the cavities to diffuse across the 
vessel walls and partially oxygenate the blood within. This suggests 
that so-called anatomic shunt calculated while breathing 189% oxygen 


may underestimate the shunt while breathing room air. 
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Duling and Berne (8) have suggested that significant 


oxygenation of peripheral tissue may occur as a result of oxygen | 


diffusing out of the arterial blood through the walls of systemic 


arterioles. They used microelectrodes to ‘measure the periarteriolar 


oxygen tensions in hamster cheek pouches and found longitudinal 


gradients of over 10@ torr from the surface of vessels 89 um in 
diameter to the surfaces of the terminal arterioles in animals 
ventilated with 95% oxygen, Animals ventilated with air had gradients 


of over 20 torr (42 to 21 torr). Capillary oxygen partial pressures 


were always less than 5 torr below the values of the terminal 


arterioles. 


The vast majority of tissue oxygenation in their experiments | 


occurred as a result of precapillary oxygen diffusion. Blood flow 
rates were not quoted, but it is possible they were low in the 
conditions of their experiments. This would have provided long periods 


for diffusion through precapillary vessel walls and would explain the 


_ apparent low exchange rate in the capillaries. 


These results suggest that precapillary gas exchange Ps be the 
major route of oxygen transfer from arterial blood to tissue in 
conditions when the larger gas transfer capacities of the capillaries 
are not required. Resting tissues, : tissues ie with low blood 


flows because of temporary diversions of blood to more metabolically 


- active areas may obtain much of their oxygen directly from arterial 
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blood flowing through arterioles. Certainly the oxygen needs of 
vascular smooth muscle may be entirely satisfied by oxygen diffusing 
from the lumen. 


These results and the results of my Own studies clearly 


indicate that oxygen is present within the walls of arterioles. This © 


contributes further evidence to the role of oxygen in the local control 


of blood flow. 


Hauge (13) completed several experiments with isolated rat 


lungs in which he tried to determine whether pulmonary arterial or 


alveolar hypoxia had the greater influence on the increases in 


pulmonary vascular resistance that occur during hypoxia. He found that 


pulmonary arterial hypoxemia without alveolar hypoxia produced no 


' vasoconstrictor response, yet the pressor response to alveolar hypoxia 


could be diminished by increasing pulmonary arterial oxygen partial 


pressure above 129 torr. This implies that alveolar hypoxia has the 


greater overall influence on the increase in pulmonary vascular 


resistance, but shows that both factors determine the net response. 


This also shows that pulmonary vascular responses to hypoxia can be the 


result of cause-effect relationships within the lung without 
extrapulmonary nervous intervention. tuleenars ‘blood flow can be 
controlled locally. There is much disagreement about how this control 
is mediated: | whether through the release of vasoactive substances from 


secretory cells, or as a result of the direct action of decreased 
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oxygen tension on pulmonary vascular smooth muscle. In either case the 
response must be due to the presence of oxygen in the pulmonary 


vascular wall. My work clearly shows that oxygen is present there. 


CONCLUS IONS 
My work shows that significant oxygenation of mixed venous 


pulmonary arterial blood can take place before its arrival at the 


alveolar capillaries. The data of Sackner, et al (29) used to estimate 


the extent of this process are imprecise because of the methods they 
used to obtain them. ‘This may therefore result in considerable debate 
about how extensive this process is. It does not however alter the 
basic conclusion that precapillary oxygenation occurs. 

The location of the pulmonary arterial system within the 
oxygen-rich lung parenchyma, combined with the exponential increase in 
diffusing capacities of its vessel walls along the vascular tree make 


this a logical and reasonable conclusion. 
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